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Summary
Nucleotide-dependent movement of native micro­
tubules (nMTs) in squid axoplasm has biochemical 
and biophysical characteristics of kinesin-driven 
motility. However, the high vanadate and 
JV-ethylmaleimide sensitivity and the velocity demon­
strate that the properties of the native motile system 
differ considerably from those of purified kinesin 
preparations.
Key words: native microtubules, squid axoplasm, gliding assay, 
kinesin, dynein.
introduction
The ATP-dependent gliding movement of microtubules over 
a glass surface was first observed with native microtubules 
(nMTs) dissociated from extruded squid axoplasm (Allen and 
Weiss, 1985; Allen et al. 1985). Subsequently, gliding 
motility of MTs was used extensively as an assay for the 
characterization of putative organelle translocators, i.e. 
kinesin and cytoplasmic dynein (e.g. Vale et al. 1985a,c; 
Paschal et al. 1987). In studies using purified motor proteins, 
similar patterns of movement of in vitro reconstituted MTs 
have been reported, but considerable biochemical and 
pharmacological differences can be demonstrated to occur in 
these two model systems. It is the aim of this report to 
summarize our studies on the motile behaviour of nMTs and 
to correlate some of the pharmacological properties of nMT 
gliding with those of organelle transport along the MTs and 
those' purified motors. Such studies aim at determining 
which ‘ force-generating enzymes are involved in nMT 
gliding.
Results and discussion
After the axoplasm is extruded from the axolemma and 
the cell layer attached to it, numerous nMTs begin to 
dissociate from the remaining bulk axoplasm. The tech­
niques used to obtain nMTs and to observe their motile 
behaviour reproducibly have been published in detail 
(Allen et al. 1985; Weiss et al. 1989; Weiss et al. 1990).
Many of these nMTs or nMT fragments, which range in 
length from 1 to 30 iim (mean±s.D.: 12.5±6.1 fim), attach 
to the glass surface and glide along it. Short nMTs 
(<10 ,um) are usually straight and glide along a linear
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path, while longer nMTs tend to bow. In the latter case, it 
is frequently observed that the front and rear ends do not 
follow the same path but show slight lateral deviations.
When the forward progress of the nMT’s frontal end is 
fully blocked, by immobilization of a portion of the MT, a 
rhythmic bending of the MT tail end commences, a process 
we called ‘fishtailing* (Fig. 1) (Allen et al. 1985; Vale et al. 
19856; Pryer et al. 1986). This planar movement resembles 
the propagation of bending waves on flagella and can be 
simulated mathematically in a similar way (Brokaw, 
1986).
If the microtubule is fixed only at a single attachment 
point near the frontal end, the force pushing from the rear 
end will produce a planar spiraling motion (Fig. 2). We 
have shown that all three patterns of motility (gliding, 
fishtailing and spiraling) are produced by the same 
mechanism, since their speeds and frequencies either 
correlate closely or are the same in a given preparation 
(Fig. 3; Seitz-Tutter, 1990; D. Seitz-Tutter, D. G. Weiss and 
G. M. Langford, unpublished observations).
Large organelles that are transported retrogradely in 
the intact axon, move on gliding nMTs toward their 
frontal ends, while the small vesicles move in the opposite 
direction (Allen et al. 1985). In addition, in nMTs showing 
dynamic instability, only the rear end exhibits detectable 
length changes (Seitz-Tutter et al. 1988; Weiss et al. 1988). 
On the basis of these findings we concluded that the 
frontal end of a gliding nMT corresponds to its slow 
growing or minus end. The same conclusion was obtained 
from their studies by Vale et al. (19856).
Quantitative computer-based motion analysis of the 
gliding behaviour of nMTs (Seitz-Tutter, 1990; D. Seitz- 
Tutter, D. G. Weiss and G. M. Langford, unpublished 
observations) revealed that only displacement in the main 
direction of movement (along the MT’s longitudinal axis) 
contributes to the MT’s net translocation: the component 
perpendicular to it is negligible. The movement of nMTs is 
smooth and continuous; Fast Fourier Transform analysis 
did not yield evidence for oscillatory or otherwise periodic 
components of the motion. The gliding velocity of nMTs, 
which was shown to be independent of their length, is in 
the range of 0.25-0.70(m s -1; the velocity histogram 
shows a Gaussian and unimodal distribution (mean±s.D.: 
0.45±0.12/ums_1). We were able to establish a statisti­
cally significant linear correlation between the velocity of 
endogenous organelles transported to the plus end of a 
gliding nMT (anterogradely) and the gliding velocity of 
the corresponding MT (r=0.89). For retrogradely trans­
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ported organelles, however, such a correlation was absent 
(Seitz-Tutter, 1990; D. Seitz-Tutter, D. G. Weiss and G. M. 
Langford, unpublished observations).
The pharmacological properties of the gliding behaviour 
of nMTs (Seitz-Tutter, 1990; D. Seitz-Tutter, D. G. Weiss
and G. M. Langford, unpublished observations) show the 
following similarities with MT-motility in reconstituted 
systems containing purified kinesin (Cohn et al. 1987; 
Scholey et al. 1985; Vale et al. 1985a,c): gliding of nMTs is 
inhibited by apyrase (0.5mgml_1), AMP-PNP and PPP;
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Fig. 1. Gliding and fishtailing behaviour of nMT. For the first 34 s the straight gliding movement of this nMT is hindered by an 
invisible obstacle. The force-generating enzymes cause the fishtailing motion until the MT becomes free from the obstacle (44 s). 
The MT straightens and glides between second 78 and 226 toward the right (speed 0.25¡urns-1) until the frontal end becomes again 
attached by an obstacle or a ‘sticky’ site on the surface and the tail end displays the fishtailing behaviour again. The particle 
which is transported along the microtubule between time points 30 and 44 does not interfere with the fishtailing motion, but 
probably causes the microtubule to resume gliding by releasing the front end from its attachment. The numbers indicate the 
elapsed time in seconds. Bar 5 fim.
0:03 0:04 0:05, 0:08 0:09
0:09-0:16 0:24-0:32 0:32-0:45
Fig. 2. Spiraling motion of nMT. A sequence of shapes assumed by a microtubule which is bent into a planar spiral and rotates. 
The length of this microtubule is 11 [im. The consecutive shapes are drawn at 1 s intervals and were superimposed in the lower 
panels to show that the microtubule is not moving on a defined track on the glass surface (the small numbers indicate the rear, 
pushing end). Instead, it appears as if the microtubule can move equally well over the entire area. The observation time in the top 
row is 8 s corresponding to about 3/4 of a full turn (time is given in min:s). Two representative videomicrographs of this MT are 
included.
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when in excess of ATP. But, in contrast to the movement of 
reassembled MTs induced by purified kinesin, the gliding 
of nMTs was partially inhibited by 1 idm 
7V-ethylmaleimide (NEM) and completely blocked by 2 h im  
(Table 1). Furthermore, the straight gliding of nMTs was 
significantly inhibited by relatively low concentrations of 
vanadate (2 0  ¡um) that specifically inhibit dynein-like, but 
not kinesin-like, ATPases. Gliding was blocked completely 
in the presence of 50 /im  vanadate.
These findings are in contrast to reports on kinesin- 
induced gliding in in vitro reconstituted systems, where 
inhibition occurs usually only at 50-400 /im . vanadate (for 
references see Table 1). In the presence of 50 ¡jm vanadate, 
retrograde organelle transport along nMTs was already 
completely blocked, whereas anterograde organelle trans­
port continued almost undisturbed for about 30 min before 
a decline in velocity was detected. After replacement of the 
vanadate-containing buffer by vanadate-free medium 
only, anterograde organelle transport was reactivated. 
Gliding of nMTs is therefore sensitive to even lower 
concentrations of vanadate than retrograde transport 
(Table 1).
The sensitivity to various inhibitors of the ATPase 
activity and of the microtubule translocation is well 
known, for both purified kinesin and cytoplasmic dynein. 
In such preparations kinesin was found to be less sensitive 
than dynein for NEM inhibition (2-5 m M  versus
Table 1. Properties of motors and MT motility in vivo and in vitro
Purified enzyme Native MTs Intact axons
Kinesin
Gliding (retrograde) 
Vanadate inhibition 50-100 uMbAe 20 ;MMa Gliding absent, MTs anchored
NEM inhibition 3 -5  mM , >5mMd 1-2  mMa Gliding absent, MTs anchored
Velocity 0.4-0.6 fjm s"ld 0.45 iim s"la,i Gliding absent, MTs anchored
Organelle movement (anterograde)
Vanadate inhibition No published report 100 /<Ma 100 55 f.iMn
NEM inhibition No published report 1 mMa,c 2 mMf, 1 mMa
Velocity No published report l -3 /im s _la,i 1 -3  //m s_la
ATPase activity 
Vanadate inhibition >10 ;<Mm, 50 fiMh, 420 jUMe, n.a. n.a.
NEM inhibition 2-5m M c’d’h'1’m n.a. n.a.
Cytoplasmic dynein
Gliding (anterograde) 
Vanadate inhibition 10 /.IMP Not observed Gliding absent, MTs anchored
NEM inhibition 0.1 mMp Not observed Gliding absent, MTs anchored
Velocity 1.25 ( jm s 'lq Not observed Gliding absent, MTs anchored
Organelle movement (retrograde; 
Vanadate inhibition
l
No published report 50 ¿¿Ma 3^Mn
NEM inhibition No published report 1 mMa,c lm M n
Velocity 0.87 urn s~lr 0.2-1 ^m s " la>i 0 .2 -1 /«n s~ la
ATPase activity 
Vanadate inhibition 5-10 f/M° n.a. n.a.
NEM inhibition 1 HIM0 n.a. n.a.
a Seitz-Tutter, 1990. 
b Porter etal. 1987. 
cPfister et al. 1989. 
d Vale et al. 1985c. 
eCohn et al. 1987. 
fLasek and Brady, 1985. 
gForman etal. 1983. 
h Wagner et al. 1989.
1 Allen et al. 1985. 
k Pryer et al. 1986.
1 Penningroth et al. 1987. 
m Kuznetsov and Gelfand, 1986.
"Smith, 1988.
°Shpetner etal. 1988.
p Paschal and Vallee, 1987.
qPaschal etal. 1987.
rGilbert and Sloboda, 1989.
n.a., not analysed; NEM, N-ethylmaleimide.
Period (s)
Fig. 3. Correlation between beating frequency and gliding 
velocity. The period of the fishtailing motion is independent of 
the length of the motile part of the MT but highly correlated 
with the mean gliding velocities of other MTs in the same 
preparations (r=0.94, P=0.01, Pearson-Bravais test). This 
result supports the notion that gliding, fishtailing, and rotating 
movements are all driven by the same mechanism. The point 
of intersection of the regression line with the ordinate 
(0.58 i<ms_1) matches the maximum gliding velocity of MTs 
observed in the extruded axoplasm preparations (mean: 
0.45±0.04,ums~1, max.: 0.65,ums_1).
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0.1-1 m M , respectively) and for vanadate inhibition 
(20-400 /jm versus 5-10 ¡jm , respectively) (Table 1). In 
intact axons the same difference was observed for the 
effect of vanadate on organelle transport in the two 
directions (retrograde transport is inhibited by 3 fiM 
vanadate, anterograde transport by 50-100 /m ), but it was 
found that NEM inhibited both directions similarly 
(1-2 mM) (Table 1). This situation is very similar to our 
findings on the pharmacology of organelle transport along 
nMTs (Table 1). The major surprise is, however, the 
finding that gliding of nMTs is even more sensitive than 
retrograde organelle movement.
Taken together, gliding of nMTs has mainly kinesin-like 
properties: (1) the direction is the same as that of the 
motor for anterograde vesicle transport, (2) the velocity of 
anterograde transport and nMT gliding correlate closely 
(although the absolute values are different) (Allen et al. 
1985). Not fully compatible with the hypothesis that 
kinesin is the motor for nMT motility and yet to be 
resolved are the following findings: (1) the velocity of 
purified kinesin is much slower than anterograde vesicle 
transport and nMT gliding, (2) the sensitivity to NEM and 
vanadate of nMT gliding is higher than that of purified 
kinesin and resembles to some extent that of purified 
dynein or retrograde organelle transport, (3) Leopold et al. 
(1990) reported that the nucleotide specificity o f antero­
grade organelle motility in the native system differs 
considerably from the properties of purified kinesin.
However, the majority of the findings support the notion 
that the motility of nMTs is driven by kinesin, the motor of 
anterograde transport. Although retrograde motors were 
certainly present, since we observed minus end-directed 
organelle transport in all our preparations, there was no 
indication of plus end-directed MT gliding caused by 
cytoplasmic dynein. A similar situation is known from in 
vitro experiments in which both motors were simul­
taneously present (Lye et al. 1989).
The discrepancies in the pharmacological properties of 
nMT gliding and anterograde organelle transport may 
indicate different states of the motor. In the case of gliding 
the kinesin molecules are attached to the glass surface 
perhaps in an unspecific way and may even be partially 
denatured. In the case of vesicle transport the confor­
mational state of kinesin may be well defined and 
determined by its interaction with specific receptors or 
perhaps with dynein residing nearby at the organelle 
membrane (compare Brady et al. 1990; Sheetz et al. this 
volume).
The study of nMTs can therefore be used to bridge the 
gap between the relatively different results obtained with 
intact axons and with purified motors. Moreover, it 
appears that knowledge of the detailed properties of nMT 
motility is necessary, in addition to the study of purified 
motors, in order to understand fully the molecular 
mechanism of MT-dependent organelle transport.
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